Introduction {#s1}
============

Rice is a staple food crop in many regions, a model monocot plant for research, and a host to many viruses ([@bib63]; [@bib62]). Viral infection causes substantial losses in yield and quality in rice crops and current knowledge on the antiviral responses of monocotyledonous crops is very limited ([@bib55]; [@bib41]; [@bib59]). *Rice dwarf virus* (RDV), a member of the genus *Phytoreovirus* in the family *Reoviridae*, is one of the most widespread and devastating viruses that infect rice ([@bib63]; [@bib27]). RDV is transovarially transmitted by the green rice leafhopper (*Nephotettix cincticeps*) in a persistent-propagative manner ([@bib8]; [@bib70]; [@bib60]). RDV infection greatly inhibits rice growth and causes severe symptoms including dwarfism, increased tillering, and white chlorotic specks and dark-green discoloration on the leaves. RDV has a double-stranded RNA genome consisting of 12 segments (*S1* to *S12*). Seven segments, *S1*, *S2*, *S3*, *S5*, *S7*, *S8*, and *S9*, encode structural proteins P1, P2, P3, P5, P7, P8, and P9, respectively, which form double-layered virions; the remaining segments, *S4*, *S6*, *S10*, *S11*, and *S12,* encode the nonstructural proteins Pns4, Pns6, Pns10, Pns11, and Pns12 ([@bib8]; [@bib70]; [@bib37]; [@bib27]; [@bib60]).

To survive under the continuous threat of viral infection, plants have evolved multiple defense mechanisms that are activated via different signal transduction pathways. The intensively studied pathways, based on dicot model plants, include nucleotide-binding-site leucine-rich-repeat dominant resistance genes (*R*-genes), recessive resistance genes (eukaryotic initiation factors (eIFs)), RNA interference (RNAi) antiviral immunity, and phytohormone-mediated resistance pathways; these pathways interact synergistically or antagonistically and result in a highly complex three-dimensional defense signaling network ([@bib28]; [@bib4]; [@bib55]; [@bib15]; [@bib17]; [@bib41]; [@bib46]; [@bib9]; [@bib13]; [@bib59]; [@bib62]). As a counter-defense, plant viruses often manipulate plant responses for their own benefit. For example, viruses have evolved strategies to target hormone pathways, often exploiting the antagonistic interactions mediated by phytohormones such as salicylic acid (SA), jasmonic acid (JA), and ethylene ([@bib55]; [@bib6]; [@bib47]; [@bib51]; [@bib14]; [@bib41]; [@bib3]).

The gaseous phytohormone ethylene functions in seed germination and organ senescence, as well as in the response of plants to abiotic and biotic stresses ([@bib6]; [@bib58]; [@bib3]; [@bib30]). However, the functions of ethylene in the plant response to viral infection remain poorly understood. Previous studies found that ethylene could modulate host defense in both positive and negative manners ([@bib33]; [@bib39]; [@bib47]; [@bib51]; [@bib12]; [@bib71]; [@bib10]). The P6 protein encoded by *Cauliflower mosaic virus* (CaMV) was found to interact with components of the ethylene-signaling pathway, and transgenic *Arabidopsis* expressing P6 became less responsive to ethylene treatment and more resistant to CaMV infection ([@bib18]). Another study used *ein2* (*ethylene insensitive 2*) and *etr1* (*ethylene response 1*) mutants and found that the ethylene-signaling pathway is required for *Turnip mosaic virus* (TuMV)-mediated suppression of resistance to the green aphid, *Myzus persicae,* in *Arabidopsis,* and that TuMV may modulate ethylene responses to increase plant susceptibility to viral infection ([@bib10]). [@bib12] reported that *Arabidopsis* plants with mutations of the ethylene biosynthesis pathway, such as *acs1* (*1-aminocyclopropane-1-carboxylate synthase*), *erf106* (*ethylene responsive transcription factor 106*), and *ein2*, were resistant to *Tobacco mosaic virus* (TMVcg). Exogenous application of 1-aminocyclopropane-1-carboxylic acid (ACC, a precursor in the ethylene biosynthesis pathway) enhanced TMVcg accumulation in the infected plants ([@bib11]). By contrast, ethylene signaling was shown to be essential for systemic resistance to *Chilli veinal mottle virus* in tobacco ([@bib71]). Thus, the molecular mechanisms by which ethylene affects host defenses and counter-defenses remain unclear.

In plants, S-adenosyl-L-methionine synthetase (SAMS) \[EC 2.5.1.6\] catalyzes the conversion of L-methionine (L-Met) and ATP into S-adenosyl-L-methionine (AdoMet, SAM), which serves as a precursor of ethylene and polyamines. The SAMS enzyme is induced by biotic and abiotic stress and is involved in the regulation of development through the histone and DNA methylation pathway ([@bib50]; [@bib34]; [@bib11]; [@bib19]; [@bib65]). A previous study demonstrated that RDV infection perturbed the expression of several ethylene-response genes such as ERFs (Ethylene Response Factors) ([@bib52]; [@bib1]), indicating that ethylene is involved in the interaction between RDV and rice. However, it is unclear how the ethylene biosynthesis and signaling pathway functions in this interaction.

In the current study, we report that the RDV-encoded non-structural protein Pns11 enhances rice susceptibility to RDV by interacting with OsSAMS1, enhancing its enzymatic activity and leading to increasing production of SAM, ACC, and ethylene. As SAMS and ethylene are key regulators of many biological processes, the capability of RDV-encoded Pns11 to interact specifically with OsSAMS1 and to regulate the ethylene biosynthesis and signaling pathway may represent a novel mechanism by which RDV maximizes its own infection. This study provides a novel mechanism through which ethylene biosynthesis and signaling respond to viral infection. These findings significantly broaden our knowledge of virus--host interactions and provide novel targets for engineered resistance to viruses.

Results {#s2}
=======

Overexpression of Pns11 in rice enhances susceptibility to RDV infection {#s2-1}
------------------------------------------------------------------------

RDV-encoded Pns11 protein was previously found to function as a component of viroplasms ([@bib61]). To investigate whether Pns11 plays an important role in RDV infection, transgenes encoding Pns11 were introduced into the rice cultivar Zhonghua 11 to generate Pns11-overexpression plants, referred to as *S11* OX lines hereafter. Three transgenic lines \#3, \#5, and \#11 were chosen for detailed analysis based on the detection of both Pns11 mRNA and the HA-tagged protein ([Figure 1---figure supplement 1A,B](#fig1s1){ref-type="fig"}). No obvious differences in phenotype were observed between the *S11* OX lines and wild-type (WT) rice except for grain size ([Figure 1---figure supplement 1C--F](#fig1s1){ref-type="fig"}). We then inoculated 30 seedlings (14-d-old) from each *S11* OX line with RDV using viruliferous leafhoppers ([Supplementary file 1A](#supp1){ref-type="supplementary-material"}) and observed disease symptoms. At four weeks post inoculation (4 wpi), the *S11* OX lines exhibited more severe RDV infection symptoms with more stunting and chlorotic flecks on the leaves than the WT control plants ([Figure 1A](#fig1){ref-type="fig"}). Three RDV RNA genome segments and their encoded proteins were evaluated by northern and western blot assays. The results showed increased accumulation in two of the *S11* OX lines (except *S11* OX\#3) relative to the WT plants ([Figure 1B,C](#fig1){ref-type="fig"}). In addition, the infection rates were higher in the *S11* OX\#5 and *S11* OX\#11 lines than in the the WT ([Figure 1D](#fig1){ref-type="fig"}, [Supplementary file 2A](#supp2){ref-type="supplementary-material"}). Taken together, these results showed that overexpression of Pns11 compromised rice defense to RDV.

![Pns11 overexpression lines are more susceptible to RDV infection than WT plants.\
(**A**) Symptoms of the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and *S11* OX transgenic plants; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (**B**) Detection of RDV *S2*, *S8*, and *S11* genomic segments in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and in *S11* OX transgenic plants by northern blot. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (**C**) Detection of RDV P2, P8, and Pns11 protein in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and *S11* OX transgenic plants by western blot. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (**D**) The incidences of infection, which were determined by visual assessment of disease symptoms of 30 individual plants for each case at 0--8 wpi. Means and standard deviations were obtained from three independent experiments.](elife-27529-fig1){#fig1}

Pns11 specifically interacts with OsSAMS1 to enhance OsSAMS1 enzymatic activity {#s2-2}
-------------------------------------------------------------------------------

The results described above showed that Pns11 overexpression increases rice susceptibility to virus infection. To elucidate the mechanism behind this, we tried to identify rice factors that interact with Pns11 by conducting a yeast two-hybrid screen of a rice cDNA library, with RDV-encoded Pns11 as the bait. This screen identified OsSAMS1 as a strong interaction partner of Pns11. The rice genome encodes three members of the predicted SAMS family, OsSAMS1, OsSAMS2, and OsSAMS3, which show high levels of sequence identity in their DNA and deduced amino acid sequences ([@bib34]). However, Pns11 only interacted with OsSAMS1, and not with OsSAMS2 or OsSAMS3 in yeast. Moreover, OsSAMS1 specifically interacted with Pns11, but not with other RDV-encoded proteins ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}).

![Pns11 interacts with OsSAMS1 and enhances its activity.\
(**A**) Yeast two-hybrid assay for the interaction of Pns11 with OsSAMS1. The bait vector contained full-length Pns11; the prey vector contained OsSAMS1, OsSAMS2, or OsSAMS3. Yeast strains were cultured on the Trp --Leu --His --Ade selection medium. (**B**) Co-IP assay for the interaction of Pns11 with OsSAMS1. Pns11 and OsSAMS1 proteins were transiently expressed in *Nicotiana benthamiana* leaves for 3 days. Plant extracts were then immunoprecipitated using anti-Flag or anti-HA antibodies, separated on a 10% SDS-PAGE gel, and blotted with anti-Flag or anti-HA antibodies. (**C**) Luciferase complementation imaging assay for the interaction of Pns11 and OsSAMS1. *Agrobacterium* strain EHA105 harboring different construct combinations was infiltrated into different *N. benthamiana* leaf regions. After 3 days of infiltration, luciferase activities were recorded in these regions. Cps, signal counts per second. (**D**) In *vivo* pull-down assay confirmed the interaction between Pns11 and OsSAMS1 during RDV infection in rice using α-OsSAMS1 antibody. The red asterisks indicate the location of Pns11. Tissues were collected at 4 wpi. (**E**) Diagram of the assay. In the reaction, OsSAMS1 catalyzes a two-step reaction in the presence of Mg^2+^ and K^+^ that involves the transfer of the adenosyl moiety of ATP to methionine to form SAM and tripolyphosphate, which is subsequently cleaved to PPi and Pi. Conversion of L-\[^35^S\]-Met to SAM is activated by Pns11. (**F**) Coomassie brilliant blue staining of OsSAMS1 and Pns11 at the varying amounts of used in this assay. (**G**) Autoradiograph of a representative chromatogram showing SAM generated by OsSAMS1 in reactions containing varying molar ratios of maltose-binding protein (MBP)-Pns11 to OsSAMS1. The positions of labeled L-\[^35^S\]-Met substrate and SAM product are indicated. L-\[^35^S\]-Met and SAM in each reaction was calculated after phosphorimager quantitation of radioactivity in individual spots. (**H**) Stoichiometry of activation. The graph illustrates relative OsSAMS1 activity with increasing molar ratios of MBP-Pns11:OsSAMS1. Data were obtained from three independent experiments.](elife-27529-fig2){#fig2}

To further test this specific interaction in plant cells, we performed a co-IP experiment by co-expressing hemagglutinin (HA)-epitope-tagged Pns11 and FLAG-tagged OsSAMS1, OsSAMS2, or OsSAMS3 in a transient expression assay in *Nicotiana benthamiana* leaves, followed by immunoprecipitation with FLAG-tag antibodies and HA-tag antibodies ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1B,C](#fig2s1){ref-type="fig"}). This set of experiments confirmed the highly specific interaction between Pns11 and OsSAMS1. We further verified this interaction using a firefly luciferase (LUC) complementation imaging assay. Constructs encoding Pns11 fused with the N-terminus of LUC (Pns11-nLUC) and the C-terminus of LUC fused with OsSAMS1 (cLUC-OsSAMS1) were co-infiltrated into *N. benthamiana* leaves for transient co-expression of these two fusion proteins. A luminescence signal was only detected in Pns11-nLUC/cLUC-OsSAMS1 co-expression regions but not in the negative controls ([Figure 2C](#fig2){ref-type="fig"}).

Finally, we also performed a in *vivo* pull-down assay with whole-cell lysates from non-infected controls and RDV-infected rice plants and found that Pns11 and OsSAMS1 interacted in RDV-infected rice cells ([Figure 2D](#fig2){ref-type="fig"}). Bimolecular fluorescence complementation (BiFC) analysis also demonstrated that Pns11 and OsSAMS1 interacted and were co-localized in both nucleus and cytoplasm ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Taken together, our data strongly suggest that Pns11 specifically interacts with OsSAMS1 in *vitro* and in *vivo*.

To evaluate the biological significance of this specific interaction, we tested the level of OsSAMS1 in *S11* OX lines. We used *S11* OX rice tissues at three stages (5-leaf, 6-leaf, and 10-leaf stage) for real-time PCR (qRT-PCR) measurements and western blot. The *OsSAMS1* mRNA and OsSAMS1 protein level did not change in response to Pns11 ([Figure 2---figure supplement 1D,E](#fig2s1){ref-type="fig"}). We then designed an assay to detect the enzymatic activity of OsSAMS1 in *vitro*. SAMS catalyzes the two-step reaction that produces SAM, pyrophosphate (PPi), and orthophosphate (Pi) from ATP and L-Met ([Figure 2E](#fig2){ref-type="fig"}). Pns11 fused to maltose-binding protein (MBP) (MBP-Pns11) and OsSAMS1 fused to glutathione S-transferase (GST-OsSAMS1) were expressed in *Escherichia coli* BL21 cells and partially purified. To rule out the effect of the tags, the GST tag was cleaved to obtain pure OsSAMS1. For unknown reasons, the yield of Pns11 was extremely low if the MBP tag was removed. Therefore, we used MBP-GFP and MBP-P9 (a structural protein of RDV), which did not interact with OsSAMS1, as negative controls; we also used OsSAMS2, which did not interact with Pns11, as another negative control. The addition of L-\[^35^S\]-Met mimics the natural substrate and allowed us to quantify the enzymatic activity of OsSAMS1 by measuring the amount of labeled SAM produced. OsSAMS1 was pre-incubated for 20 min with varying amounts of Pns11 (no Pns11 to a six-fold molar excess of Pns11:OsSAMS1) ([Figure 2F](#fig2){ref-type="fig"}). Solutions containing ATP, L-\[^35^S\]-Met, KCl, and MgCl~2~ were then added to the reaction mixtures and the reactions were allowed to proceed for another 20 min at 30°C. The reaction was blocked by the addition of EDTA. A reaction with excess OsSAMS1 and no Pns11 was used to label the location of the SAM, another reaction lacking OsSAMS1 and Pns11 was used to label the location of free L-\[^35^S\]-Met. Production of SAM and the remaining L-\[^35^S\]-Met were monitored by thin-layer chromatography ([Figure 2G](#fig2){ref-type="fig"}). The enzymatic activity of OsSAMS1 was enhanced by nearly 60% at a 6:1 molar ratio of Pns11:OsSAMS1 ([Figure 2H](#fig2){ref-type="fig"}). In the two negative control reactions with the same molar ratio of Pns11:OsSAMS1, neither P9 nor GFP affected OsSAMS1 activity ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}). In addition, Pns11 did not affect OsSAMS2 enzymatic activity ([Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}). The results described above demonstrated that Pns11 only interacts with OsSAMS1 and enhances the activity of OsSAMS1 for SAM synthesis in *vitro*.

SAM, ACC, and ethylene contents increased in *S11-* and *OsSAMS1*-overexpression lines and decreased in *OsSAMS1* CRISPR/Cas9 knockout and RNAi lines {#s2-3}
-----------------------------------------------------------------------------------------------------------------------------------------------------

The results described above showed that Pns11 specifically interacts with OsSAMS1 and enhances its enzymatic activity to increase SAM production in *vitro*. SAM serves as the precursor of polyamine and ethylene, and a previous study showed that most ethylene-response genes, such as ERFs and PRs (Pathogenesis-related genes) are regulated in RDV-infected rice ([@bib52]; [@bib1]; [@bib2]), indicating an important role of ethylene in RDV infection. Thus we wondered whether overexpression of Pns11 in rice would enhance the enzymatic activity of OsSAMS1 and promote the synthesis of SAM, ACC, and ethylene in *vivo*. *S11* OX lines were used for analysis and the results showed that SAM, ACC and ethylene contents increased in two of the *S11* OX lines (but not in *S11* OX\#3) ([Figure 3A--C](#fig3){ref-type="fig"}). To further confirm whether ethylene levels were affected by changes in SAM levels, *OsSAMS1* was introduced into the rice Zhonghua 11 background to generate *OsSAMS1-*overexpression (OX) lines. We also generated *OsSAMS1* RNAi lines (knockdown) and *OsSAMS1* knockout (KO) lines using CRISPR/Cas9. Positive transgenic rice lines were obtained through antibiotic selection and molecular screening. Among the *OsSAMS1-*overexpression lines, three (*OsSAMS1* OX\#10, OX\#17, and OX\#25) were further analyzed. RNAi lines were characterized and classified as strong (RNAi-S) or weak (RNAi-W) according to the level of downregulation of *OsSAMS1* ([Figure 3---figure supplement 1A--C](#fig3s1){ref-type="fig"}). Two independent *Ossams1* KO rice lines (KO\#31 and KO\#39) with a mutation at different codons in the coding sequence were obtained ([Figure 3---figure supplement 1D](#fig3s1){ref-type="fig"}). Seed germination was suppressed in the *OsSAMS1* RNAi and KO lines and the suppression could be rescued by supplementation with SAM and ethylene ([Figure 3---figure supplement 1E](#fig3s1){ref-type="fig"}). The RNAi and KO lines also showed developmental defects, including dwarfism and reduced fertility ([Figure 3---figure supplement 1F](#fig3s1){ref-type="fig"}) ([@bib34]). Previous studies have demonstrated that ACC and ethylene contents increased in *OsSAMS1* OX lines and decreased in *OsSAMS1* RNAi transgenic lines, relative to WT plants ([@bib12]). In our study, SAM, ACC, and ethylene contents all increased in the *OsSAMS1* OX lines and decreased in the *OsSAMS1* RNAi and KO lines ([Figure 3D--F](#fig3){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). These results further demonstrated that Pns11 enhances the enzymatic activity of OsSAMS1 and alters the expression of SAMS in *vivo*, resulting in a corresponding change in the production of ACC and ethylene.

![SAM, ACC, and ethylene contents in *OsSAMS1* and *S11* transgenic lines.\
(**A**) SAM contents in the *S11-*overexpression lines and WT plants (using 40-d-old seedlings). (**B**) ACC contents in the *S11-*overexpression lines and WT plants (using 40-d-old seedlings). (**C**) Ethylene contents in the *S11-*overexpression lines and WT plants (using 40-d-old seedlings). (**D**) SAM contents in the *OsSAMS1* transgenic lines and WT plants (using 40-d-old seedlings). (**E**) ACC contents in the *OsSAMS1* transgenic lines and WT plants (using 40-d-old seedlings). (**F**) Ethylene contents in the *OsSAMS1* transgenic lines and WT plants (using 40-d-old seedlings). Tukey's honestly significant difference post hoc test was performed for multiple comparisons. Letters indicate significant differences, p\<0.05. Data are from three replicates. FW, fresh weight.](elife-27529-fig3){#fig3}

Increases in SAM, ACC, and ethylene contents decrease rice tolerance to virus infection {#s2-4}
---------------------------------------------------------------------------------------

Overexpression of *OsSAMS1* resulted in increased levels of SAM, ACC, and ethylene, and knockout of *OsSAMS1* resulted in decreased levels of SAM, ACC, and ethylene in rice. To investigate whether RDV infection, virus accumulation, and the host response is affected by SAM, ACC, and ethylene contents in the *OsSAMS1* OX, RNAi, and KO lines, we inoculated 30 seedlings (14-d-old) from each line (WT, OX\#10, OX\#17, OX\#25, RNAi-S, RNAi-W, KO\#31, and KO\#39) with RDV using viruliferous leafhoppers and observed the resulting disease symptoms ([Supplementary file 1B,C](#supp1){ref-type="supplementary-material"}). At 4 wpi, all three OX lines displayed more severe stunting symptoms and chlorotic flecks at the infection site than the WT control plants, suggesting that they were more susceptible to RDV infection, while the RNAi and KO lines showed greater tolerance ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). Northern and western blot assays revealed that RDV accumulation was higher in the OX lines than in the WT, but much lower in the RNAi and KO lines ([Figure 4B,C](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1B,C](#fig4s1){ref-type="fig"}). The infection rate was also higher in the OX lines, but much lower in the RNAi and KO lines compared to the WT plants ([Figure 4D](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1D](#fig4s1){ref-type="fig"}, [Supplementary file 2B, C](#supp2){ref-type="supplementary-material"}). Taken together, these results suggested that overexpression of *OsSAMS1* enhances RDV infection whereas knockout of *OsSAMS1* reduces RDV infection, indicating a positive role of ethylene in RDV infection.

![Overexpression of *OsSAMS1* enhances RDV infection whereas knockout of *OsSAMS1* reduces RDV infection.\
(**A**) Symptoms of the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and *OsSAMS1* OX/KO transgenic plants; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (**B**) Detection of RDV *S2*, *S8*, and *S11* genomic segments in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and in *OsSAMS1* OX/KO transgenic plants by northern blot. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (**C**) Detection of RDV P2, P8, and Pns11 proteins in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and in *OsSAMS1* OX/KO transgenic plants by western blot. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (**D**) The incidences of infection, which were determined by visual assessment of disease symptoms at 0--8 wpi of 30 individual plants for each case. Means and standard deviations were obtained from three independent experiments.](elife-27529-fig4){#fig4}

Blocking ethylene signaling significantly enhances host tolerance to viral infection {#s2-5}
------------------------------------------------------------------------------------

Our results demonstrated that the endogenous accumulation of ethylene negatively regulates the plant antiviral defense response to RDV infection. However, it is not clear whether ethylene signaling is involved in the response of rice to RDV infection. The rice *MHZ7* gene (named *OsEIN2*), which encodes a membrane protein homologous to EIN2, a central component of ethylene signaling in *Arabidopsis*, also plays a key role in the rice ethylene signaling pathway ([@bib40]; [@bib35]). The ethylene signaling mutant *mhz7* (*osein2*) is insensitive to ethylene in both the root and coleoptile. To investigate whether blocking the ethylene signaling pathway affects the rice antiviral defense response, we inoculated the *osein2* mutant and two *OsEIN2-*overexpression lines (OX\#2 and OX\#3) with RDV using viruliferous leafhoppers and observed the resulting disease symptoms ([Supplementary file 1D](#supp1){ref-type="supplementary-material"}). At 4 wpi, the *OsEIN2* OX\#2 and OX\#3 lines showed enhanced susceptibility with more severe stunting and chlorotic flecks on the leaves than did the WT control plants. By contrast, the *osein2* mutant showed much milder dwarfism and fewer chlorotic flecks on the leaves ([Figure 5A](#fig5){ref-type="fig"}). Northern and western blot assays indicated that RDV accumulation was much higher in the *OsEIN2* OX lines than in the WT plants, but lower in the mutant lines ([Figure 5B,C](#fig5){ref-type="fig"}). RDV infection rates among the *OsEIN2* OX lines, the WT, and the mutant lines diminished with time following infection. At 8 wpi, the infection rate of the *osein2* mutant was only 43%, which was significantly lower than that of the WT (84%) and the *OsEIN2* OX lines (OX\#2, 96%; OX\#3, 99%) ([Figure 5D](#fig5){ref-type="fig"}, [Supplementary file 2D](#supp2){ref-type="supplementary-material"}). These results suggested that the ethylene-response mutation enhances the rice antiviral defense response and that overexpression of *OsEIN2* increases host susceptibility. This is consistent with above results.

![The ethylene-response mutant (*osein2*) shows increased tolerance of RDV infection whereas overexpression (OX) of *OsEIN2* results in enhanced susceptibility.\
(**A**) Symptoms of the mock-inoculated WT or RDV-infected WT (non-transgenic) plants, *osein2*, and *OsEIN2-*overexpression (OX) plants; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (**B**) Detection of RDV *S2*, *S8*, and *S11* genomic segments in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants, *osein2*, and *OsEIN2* OX plants by northern blot. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (**C**) Detection of RDV P2, P8, and Pns11 proteins in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants, *osein2*, and *OsEIN2* OX plants by western blot. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (**D**) The incidences of infection, which were determined by visual assessment of disease symptoms at 0--8 wpi of 30 individual plants for each case. Means and standard deviations were obtained from three independent experiments.](elife-27529-fig5){#fig5}

To further confirm that antiviral response was conferred through the ethylene signaling pathway, we overexpressed *OsSAMS1* in *osein2* mutant background rice and obtained three positive transgenic lines J119\#1, J119\#2 and J119\#3 ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}) for further analysis and RDV infection assay. Four weeks post inoculation, we found that the J119 lines, as well as the parental *osein2* mutant, were less susceptible to RDV than was WT rice ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}, [Supplementary file 1E](#supp1){ref-type="supplementary-material"}, [Supplementary file 2E](#supp2){ref-type="supplementary-material"}). Thus, we conclude that the ethylene-signaling pathway plays an important role in RDV infection and that blocking ethylene signaling would significantly enhance the antiviral defense response in rice.

Ethylene is induced by viral infection and ethylene accumulation increases host susceptibility {#s2-6}
----------------------------------------------------------------------------------------------

We next investigated whether the interaction and activation between Pns11 and OsSAMS1 affects the levels of SAM, ACC, and ethylene in RDV-infected rice. We first performed a pull-down assay in WT and *Ossams1* KO lines, with and without RDV infection, using an anti-OsSAMS1 antibody ([Figure 6A](#fig6){ref-type="fig"}). We found the loss of Pns11-OsSAMS1 interaction in *Ossams1* KO lines, with or without RDV infection. We then measured the SAM, ACC and ethylene levels in the same set of plants, and found that the RDV-induced increase of SAM, ACC and ethylene levels disappeared in *Ossams1* KO plants ([Figure 6B--D](#fig6){ref-type="fig"}). RNA-seq experiments on RDV-infected rice, *OsSAMS1* OX (OX\#25) lines, *Ossams1* KO (KO\#39) lines and *S11* OX (OX\#11) lines were carried out and the differentially expressed genes in all comparable pairs were identified ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). To determine whether the ethylene pathway was activated, Gene Ontology (GO) was used for analysis ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Known ethylene-activated pathway genes were highly enriched in both RDV-infected and *OsSAMS1* OX transgenic rice, and depleted in *Ossams1* KO plants. These data indicate that RDV infection triggers ethylene synthesis and accumulation through the interaction of Pns11 and OsSAMS1, and the resultant activation of OsSAMS1.

![Ethylene is induced by RDV infection, which enhances the susceptibility of rice to RDV infection.\
(**A**) In *vivo* pull-down in WT and *Ossams1* KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi), using anti-OsSAMS1 antibody. The red asterisk indicates the location of Pns11. (**B**) SAM content in WT and *Ossams1* KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi). (**C**) ACC content in WT and *Ossams1* KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi). (**D**) Ethylene content in WT and *Ossams1* KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi). Tukey's honestly significant difference post hoc tests were performed for multiple comparisons. Letters indicate significantly different results, p\<0.05. Data are from three replicates. FW, fresh weight. (**E**) Expression of *OsERF3* after 24 hr treatment with H~2~O, 20 μM ACC, or 10 μM AVG. *OsERF3* was chosen as the positive control for ethylene responsiveness. The average (± standard deviation) values from three biological replicates are shown. Significant differences (\*p\<0.05) are based on Student's *t*-test. (**F**) Phenotypic comparison of mock-inoculated WT or RDV-infected rice plants pre-treated with H~2~O, 20 μM ACC, or 10 μM AVG; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (**G**) Northern blot analysis of RDV *S2*, *S8*, and *S11* genomic segments. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (**H**) Western blot analysis of RDV P2, P8, and Pns11 proteins. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (**I**) The incidences of infection, which were determined by visual assessment of disease symptoms at 0--8 wpi of 30 individual plants for each case. Means and standard deviations were obtained from three independent experiments.](elife-27529-fig6){#fig6}

To further elucidate the function of ethylene in RDV infection, 14-d-old seedlings were pretreated with 20 μM ACC, 10 μM AVG (aminoethoxyvinylglycine, an ethylene biosynthesis inhibitor) ([@bib11]), or H~2~O as a control for 1 day. We then sampled the treated plants and used qRT-PCR to analyze the expression of *OsERF3*, which could be a marker for the response to ethylene ([@bib49]). *OsERF3* was significantly upregulated by ACC treatment and significantly downregulated by AVG treatment when compared to the H~2~O-treated control ([Figure 6E](#fig6){ref-type="fig"}), demonstrating that the ACC and AVG treatments worked as expected. The treated plants were then inoculated with RDV-carrying or RDV-free leafhoppers ([Supplementary file 1F](#supp1){ref-type="supplementary-material"}). At 4 wpi, the ACC-treated plants showed greater susceptibility to RDV infection, displaying more severe disease symptoms and virus accumulation than the RDV-infected plants treated with H~2~O. However, the AVG-treated plants exhibited enhanced disease tolerance, as shown by less virus accumulation and milder disease symptoms, when compared with the RDV-infected plants treated with H~2~O ([Figure 6F--H](#fig6){ref-type="fig"}). In addition, the rate of RDV infection in the ACC-treated plants increased much faster than that in the RDV-infected H~2~O-treated plants, while the rate of infection in the AVG-treated plants increased more slowly in comparison with that in the H~2~O-treated plants ([Figure 6I](#fig6){ref-type="fig"}, [Supplementary file 2F](#supp2){ref-type="supplementary-material"}). Taken together, these data suggest that RDV Pns11 interacts with OsSAMS1 and enhances its enzymatic activity, inducing ethylene biosynthesis and accumulation, which in turn enhances viral infection and host susceptibility.

Discussion {#s3}
==========

Our results demonstrated that ethylene biosynthesis and signaling are critical for RDV infection and rice susceptibility. Overexpression of the RDV non-structural protein Pns11 increases rice susceptibility to viral infection ([Figure 1](#fig1){ref-type="fig"}). Furthermore, we found that Pns11 specifically interacts with OsSAMS1 and enhances its enzymatic activity in *vivo* and in *vitro* ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Overexpression of *S11* or *OsSAMS1* increases the levels of SAM, ACC, and ethylene, whereas knockdown or knockout of *OsSAMS1* by RNAi or CRISPR/Cas9 reduces the level of SAM, ACC, and ethylene ([Figure 3](#fig3){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Our results clearly indicated that an increase in ethylene production by overexpression of *OsSAMS1* decreases the host antiviral defense response and enhances RDV infection and accumulation in rice, whereas knockdown or knockout of *OsSAMS1* by RNAi or CRISPR/Cas9 reduces ethylene production, diminishes RDV accumulation, and increases the host antiviral defense response ([Figure 4](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). In addition, plants that have compromised ethylene signaling are more tolerant to RDV infection ([Figure 5](#fig5){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). More importantly, RDV infection induces ethylene production, and the accumulation of ethylene increases host susceptibility and enhances RDV infection and replication ([Figure 6](#fig6){ref-type="fig"}). Taken together, these results present a novel mechanism by which the virus highjacks host factors through enhancement of the enzymatic activity of SAMS1 and increasing ethylene production or signaling, thus reducing the host antiviral defense response and enhancing virus infection and accumulation ([Figure 7](#fig7){ref-type="fig"}). These findings provide a novel mechanism, deepen our understanding of the relationship between ethylene and viral infection, and will have a significant impact on our knowledge of the crosstalk between plant hormones and virus-host interactions.

![Possible model for Pns11 enhancement of OsSAMS1 enzymatic activity to increase ethylene levels and enhance host susceptibility to viral infection.\
The model proposes that the RDV-encoded protein Pns11 specifically interacts with OsSAMS1 to enhance its enzymatic activity, resulting in a corresponding increase in ethylene, and thus enhancing rice susceptibility to RDV infection. However, RDV infection may affect other pathways and SAM is also the precursor of polyamine and a methyl donor for methylation, therefore, other pathways may be involved in RDV pathogenesis and need further study.](elife-27529-fig7){#fig7}

We didn't find a strong difference between WT and *S11* OX\#3 ([Figure 1](#fig1){ref-type="fig"}), especially in virus accumulation and infection rate. This is probably due to the relatively low expression level of Pns11 in this particular line ([Figure 1---figure supplement 1A,B](#fig1s1){ref-type="fig"}), which may be insufficient to induce a significant increase in ACC and ethylene production ([Figure 3B,C](#fig3){ref-type="fig"}). Furthermore, the hyper-susceptibility to RDV in Pns11-overexpressing plants was more prominent prior to 3 wpi ([Supplementary file 2A](#supp2){ref-type="supplementary-material"}). This is easily explained by the fact that enhanced susceptibility allowed more Pns11 transgenic plants to show more conspicuous symptoms at earlier time points. This does not, however, prevent WT plants from becoming symptomatic at later time points, thus catching up with the transgenic plants in the proportion of plants that are infected.

RDV infection affects a number of genes that are interact with the signaling pathways of plant hormones such as JA, ethylene, gibberellin, and auxin. A mutation of a NAC-domain transcription factor, which regulates JA signaling, confers strong tolerance to RDV infection in rice ([@bib68] [@bib69]). Previous studies in our lab have indicated that RDV-encoded P2 interacts with *β-ent*-kaureen oxidases to reduce gibberellic acid synthesis, resulting in dwarfism ([@bib72]). P2 also reprograms the initiation of auxin signaling through interaction with OsIAA10, thus enhancing viral infection and pathogenesis ([@bib27]). Here, we report a mechanism by which RDV-encoded Pns11 promotes ethylene production to enhance plant susceptibility to viral infection ([Figure 7](#fig7){ref-type="fig"}). RNA-seq of RDV-infected rice also showed a regulation of hormone-responsive genes ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Thus, it appears that RDV may interfere with phytohormone pathways to counteract plant immune responses. This complex crosstalk and these hormonal changes may be regulated by RDV infection, especially through interactions with host factors.

Ethylene regulates numerous developmental processes and adaptive stress responses in plants ([@bib58]; [@bib7]; [@bib30]). During biotic stress, ethylene is mainly responsible for defense against necrotrophic pathogens ([@bib48]; [@bib7]) and plays a dual role in the plant defense signaling pathway. In some cases, ethylene is used by pathogens as a virulence factor to enhance pathogenesis, whereas in other cases, ethylene aids in the alleviation of stress. Generally, the plant defense responses regulated by ethylene depend on the specific host-pathogen interaction and the crosstalk between multiple signals ([@bib6]; [@bib58]; [@bib14]; [@bib3]; [@bib59]). Although the function of ethylene has been addressed in various host-pathogen interactions ([@bib26]; [@bib54]; [@bib21]; [@bib23]; [@bib32]; [@bib64]), the role of ethylene and its underlying mechanisms in plant-virus interactions are not well understood, with only a few reports on the involvement of ethylene and ethylene signaling in virus-host interactions ([@bib42]; [@bib33]; [@bib24]; [@bib58]; [@bib39]; [@bib17]; [@bib22]). In order to gain a deeper insight into the mechanism, we analyzed some defense or hormone-responsive genes known to function in SA-, JA- or ethylene-associated pathways and found pathogenesis-related protein 1b (*OsPR1b*) to be highly expressed in *osein2, OsSAMS1* RNAi and KO lines but expressed at reduced levels in *OsEIN2* OX, *OsSAMS1* OE lines and *S11* OX lines ([Figure 5---figure supplement 3](#fig5s3){ref-type="fig"}) ([@bib54]). *PRs* are known to be induced by pathogen infection and involved in responses to many plant phytohormones, disease resistance and general adaptation to stressful environments ([@bib24]; [@bib3]). Analysis of RDV microarray data and our RNA-seq data revealed that *OsPR1b* was also induced after virus infection ([@bib52]) ([Supplementary file 3](#supp3){ref-type="supplementary-material"}), indicating a role for *OsPR1b* of rice in defense against RDV. Further studies will improve our understanding of the function of ethylene in plant defense responses and its underlying mechanisms.

SAMS is a key enzyme in plants and catalyzes the conversion of ATP and L-Met into SAM ([@bib50]). Expression of the *SAMS* gene is induced by a number of biotic and abiotic stresses and confers increased tolerance to various stresses ([@bib29]; [@bib5]; [@bib20]). Overexpression of *SAMS* genes in plants alters development ([@bib5]) and confers increased tolerance to abiotic stress. Knockdown of *SAMS* genes affects plant development ([@bib5]), leading to late flowering and abnormal methylation in rice ([@bib34]), and is also related to viral RNA stabilization and accumulation in *N. benthamiana (*[@bib25]). We found that knockdown or knockout of *OsSAMS1* resulted in abnormal phenotypes ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). These studies indicate that SAMS is a broad-spectrum signaling molecule that regulates plant responses to various stresses. SAM acts as the precursor in the biosynthesis of polyamines (PAs) and ethylene ([@bib50]). The involvement of PAs and their metabolism in defense responses against diverse viruses has also been demonstrated ([@bib67]; [@bib45]). We provide strong evidence that RDV infection activates OsSAMS1 and increases the production of SAM and ethylene ([Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"}), and that disruption of the ethylene signaling pathway enhances rice tolerance to RDV infection ([Figure 5](#fig5){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). GO analysis of our RNA-seq data also showed that the class of ethylene-activated pathway genes were highly enriched in both RDV-infected and *OsSAMS1* OX transgenic rice, and that knockout of *Ossams1* significantly affected the ethylene biosynthetic process. Interestingly, although genes in the hormone-mediated signaling pathway category were enriched in *S11* OX transgenic lines, those in the ethylene-activated pathway were not. This is consistent with the observation that Pns11 overexpression enhances OsSAMS1 activity without upregulating its mRNA. In addition, relative to the Pns11 expression level in RDV infection, the transgenically expressed Pns11 level in *S11* OX lines was probably low and insufficient to induce significant changes in ethylene pathway genes. Results from early microarray analyses and our RNA-seq data ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}, [Supplementary file 4](#supp4){ref-type="supplementary-material"}) ([@bib52]; [@bib16]) showed no obvious changes in the polyamine pathway in RDV-infected rice compared to the control. These results indicated that the ethylene pathway regulated by Pns11 and OsSAMS1 interaction may be the major determinant of RDV pathogenesis, but an additional mechanism involving other RDV proteins cannot be ruled out at this point ([Figure 7](#fig7){ref-type="fig"}).

Here, we report that Pns11 enhances OsSAMS1 activity in *vitro* and in *vivo*, but the underlying mechanism remains unknown. A previous study suggested that enhanced substrate affinity may increase enzyme activity ([@bib56]); but we found that Pns11 did not alter the affinity of OsSAMS1 to the substrate L-Met or ATP ([Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}). Crystal structures of SAMS have been elucidated from other non-plant organisms, and SAMS isoenzymes appear as homotetramers, dimers, or heterooligomers ([@bib43]). Although the crystal structure of plant SAMS has not been reported to date, the high sequence similarity of plant SAMS to the known SAMS sequences ([Figure 2---figure supplement 6](#fig2s6){ref-type="fig"}) ([@bib36]) suggests that OsSAMS1 may function as dimers or tetramers. We found that OsSAMS1 exists in a high molecular weight form in RDV-infected rice ([Figure 2---figure supplement 7](#fig2s7){ref-type="fig"}), and we propose that the interaction of Pns11 with OsSAMS1 may promote oligomerization of OsSAMS1 to the most active form, which may increase its enzymatic activity and lead to the production of more SAM. The mechanism through which Pns11 activates OsSAMS1 remains unknown and requires further exploration.

Materials and methods {#s4}
=====================

Plant growth and virus inoculation {#s4-1}
----------------------------------

Plant growth and virus inoculation were carried out as previously described ([@bib63]; [@bib27]). Rice seedlings were grown in a greenhouse at 28--30°C for 2 weeks and plants at the third-leaf stage were inoculated with 2--3 viruliferous leafhoppers per plant for 2 days. The insects were then removed and the rice seedlings were maintained under the same growing conditions. At 4 weeks post inoculation, when the viral symptoms appeared on the new leaves, the seedlings were photographed and harvested. A minimum of 30 rice seedlings were used for each sample. The index of non-preference for each line was characterized by the mean number of settled insects on each seedling ([Supplementary file 1](#supp1){ref-type="supplementary-material"}) as previously described ([@bib27]). The number of plants with symptoms for each line was recorded every week and statistical analysis of the infection rates was carried out ([Supplementary file 2](#supp2){ref-type="supplementary-material"}).

Vector construction and rice transformation {#s4-2}
-------------------------------------------

The entire open reading frames (ORFs) of *OsSAMS1* and *S11* were amplified by RT-PCR and then introduced into the *pCam2300:Ubi:OCS* vector to yield *pCam2300:Ubi:Flag OsSAMS1* and *pCam2300:Ubi:HA S11.* The *pUCC-OsSAMS1* was used to create the *OsSAMS1* RNAi knockdown transgenic lines. The *OsSAMS1* knockout construct was constructed as previously described ([@bib44]). The resulting constructs were used for transformation via *Agrobacterium* (BioRun, Wuhan, China). All primers used in this assay are listed in [Supplementary file 5A and B](#supp5){ref-type="supplementary-material"}.

Quantification of SAM, ACC, and ethylene from rice leaves {#s4-3}
---------------------------------------------------------

Leaves of the same position were cut into 8 cm pieces and six pieces were placed into a 50 mL glass vial with distilled water sealed with a gas-proof septum. After imbibition in a growth cabinet at 28°C for 48 hr, a 0.1 mL gas sample was withdrawn from the head space of each bottle using a gas-tight syringe (Hamilton), and the ethylene concentration was determination by gas chromatography (Agilent 6890N) equipped with an activated alumina column and flame ionization detectors. A six-point standard ethylene curve with concentration ranging from 0.5 to 3.0 μL·L^−1^ was used for the calibration. The quantified data, divided by fresh weight and time, were converted to specific activities.

ACC was extracted from the same leaf tissues used for quantifying ethylene contents and ground in liquid nitrogen using a mortar and pestle, then stirred with 80% (v/v) ethanol (2 mL·g^−1^ fresh weight) and the supernatant was evaporated to dryness. The residue was then resuspended in water. The ACC concentration in the supernatant was determined directly by chemical conversion to ethylene as described previously ([@bib38]; [@bib11]).

SAM was extracted from rice leaves with 5% (w/v) trichloroacetic acid (TCA, Sigma-Aldrich). For each extraction, frozen tissue powder (0.2 g) was homogenized with extraction solution (1 mL) for 15 min at 4°C and the homogenate was centrifuged at 10,000x *g* for 15 min followed by another centrifugation at 13,000x *g* for 15 min. The supernatant was collected by filtration through a 0.45 μm pore-size Millipore filter. All steps were carried out on ice or at 4°C (during centrifugation) to prevent SAM degradation ([@bib57]). 5 μl of supernatant was used for analysis of SAM using LC-MS/MS (Agilent UPLC 1290 MS/MS 6495) and the conditions are listed in [Supplementary file 5C](#supp5){ref-type="supplementary-material"}. Five standard concentrations of S-adenosyl-L-methionine solutions (0.000625, 0.00125, 0.0025, 0.005, and 0.01 mg·mL^−1^) were prepared for the standard curve.

Yeast two-hybrid assay {#s4-4}
----------------------

The DUALhunter starter kit (Dualsyetems Biotech) was used for the yeast two-hybrid assays. All protocols were carried out according to the manufacturer's manual. The rice cDNA library was constructed in prey plasmid *pPR3-N* using an EasyClone cDNA library construction kit (Dualsystems Biotech), and the bait plasmid was constructed by inserting full-length RDV-encoded Pns11 into the *pDHB1* vector. After library screening, positive clones were selected on SD quadruple dropout (QDO) medium (SD/-Ade/-His/-Leu/-Trp) and prey plasmids were isolated from these clones for sequencing. To further distinguish positive from false-positive interactions and to confirm the interaction of bait and prey proteins, we co-transformed the two plasmids into yeast strain NMY51 and detected β-galactosidase activity with an HTX Kit (Dualsystems Biotech).

Co-IP assay {#s4-5}
-----------

The ORF PCR products of *S11* and *OsSAMS1/2/3* were inserted into the *pCam2300:35S:OCS* vector ([@bib63]) to yield *pCam2300:35S:HA S11* and *pCam2300:35S:Flag OsSAMS1/2/3.* The constructs were then co-infiltrated into *N. benthamiana* leaves by agroinfiltration. Leaves were harvested 3 days post-infiltration and total proteins were extracted with co-IP buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.5% NP-40, and 1 × protease inhibitor cocktail). After incubation on ice for 30 min, plant extracts were sonicated and then centrifuged. Cleared extract was combined with anti-Flag or anti-HA antibodies together with recombinant protein G-Sepharose 4B (Invitrogen) and incubated for 3 hr at 4°C. After washing five times with co-IP buffer, agarose beads were collected by centrifugation (2000x *g* for 2 min) and then resuspended in protein extraction buffer. Proteins were separated by SDS-PAGE and detected with the corresponding antibody.

Firefly luciferase complementation imaging assay {#s4-6}
------------------------------------------------

The ORFs of *S11* and *OsSAMS1* were inserted into the *pCAMBIA1300-nLUC* and *pCAMBIA1300-cLUC* vectors, respectively ([@bib27]). The constructs were then transformed into *Agrobacterium tumefaciens* strain EHA105 and cultured to OD~600~ = 0.5, combined with equal volumes of the adjusted culture for specific groups as shown in the figure legends, and incubated at room temperature without shaking for 3 hr followed by infiltrating into *N. benthamiana* leaves. The LB 985 NightSHADE system (Berthold Technologies) was used for luciferase activity detection 3 days after infiltration.

Gel filtration assay {#s4-7}
--------------------

The samples were prepared as described in the previous sections using 2 g of rice leaves and 3 mL of co-IP buffer. The lysates were then filtered through a 0.22 μm filter. 750 μl of total protein was loaded onto a Superdex 200 10/300 GL column (GE Healthcare) and 250 μl fractions were collected at 0.3 ml·min^−1^.

Bimolecular fluorescence complementation assay {#s4-8}
----------------------------------------------

Bimolecular fluorescence complementation (BiFC) was carried out using previously described vectors and methods ([@bib66]). The ORFs of *S11* and *OsSAMS1* were inserted into the BiFC expression vectors p2YN and p2YC, respectively. The constructs were mixed 1:1 immediately prior to co-infiltrate into *N. benthamiana* leaves by agroinfiltration. Leaf tissue was analyzed 3 days post-inoculation by microscopy using a Zeiss LSM710 confocal laser scanning microscope equipped with a C-Apochromat 40X/1.20NA water immersion objective. Images were photographed under either white light or UV light and a Chroma filter with a 450- to 490 nm excitation wavelength and 515 nm emission wavelength was used to record YFP. All primers used in this assay are listed in [Supplementary file 5A and B](#supp5){ref-type="supplementary-material"}.

In *vivo* pull-down assay {#s4-9}
-------------------------

Samples were extracted with IP buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.5% NP-40, and 1 × protease inhibitor cocktail). After incubation on ice for 30 min, the pull-down assay was performed utilizing a Beaver Beads Protein A/G Matrix Immunoprecipitation kit (Beaver Nano-Technologies Co. China) following the manufacturer\'s instructions with anti-OsSAMS1 antibody (Abgent, Suzhou, China). Proteins were separated by SDS-PAGE and detected with the corresponding antibody.

Protein expression, purification, and enzyme activity assays in *vitro* {#s4-10}
-----------------------------------------------------------------------

*OsSAMS1* and *OsSAMS2* were amplified by PCR and then inserted into the pGEX vector (GE Healthcare Life Sciences) and expressed as glutathione S-transferase fusion proteins (GST-OsSAMS1/OsSAMS2) in *E. coli* BL21 cells. After purification by glutathione-agarose chromatography, the GST tag was removed. *S11*, *S9*, and *GFP* were also amplified by PCR and introduced into the pMal-p2x vector, which fused a maltose-binding protein at the N-terminal. The constructs were transformed into *E. coli* BL21 cells and purified by amylose affinity chromatography. Primers used for amplification of *OsSAMS1*, *OsSAMS2*, *S11*, *S9*, and *GFP* prior to insertion in expression vectors are listed in [Supplementary file 5A and B](#supp5){ref-type="supplementary-material"}.

Indirect assays of OsSAMS1 and OsSAMS2 activity were carried out according to the scheme presented in [Figure 2E](#fig2){ref-type="fig"} using SAM production by OsSAMS1/2 as a measure of OsSAMS1/2-catalyzed L-Met with ATP yielding SAM. Mixtures containing 30 pmol OsSAMS1/2 and various amounts of Pns11 (P9 or GFP) in a total volume of 15 μl were pre-incubated at 30°C for 20 min. Mixtures were then added to reactions containing final concentrations of 100 mM Tris-HCl pH 8.0, 200 mM KCl, 10 mM MgCl~2~, 1 mM DTT, 3.3 mM ATP, and 5 μCi L-\[^35^S\]-methionine (1175 Ci/mmol). The reactions were incubated at 30°C for another 20 min, then OsSAMS1/2 activity was terminated by addition of 1.5 μl of 0.5M EDTA. SAM production was analyzed by thin layer chromatography on polyethyleneimine cellulose HPTLC plates developed with n-butyl alcohol:acetic acid:water (12:3:5, v/v) ([@bib31]). After chromatography, radioactive signals on plates were quantitated using a phosphorimager (Typhoon FLA900, GE Healthcare).

Northern blot and quantitative RT-PCR analysis {#s4-11}
----------------------------------------------

For northern blot, 15 μg of total RNA was extracted from rice plants with Trizol (Invitrogen), separated by 1% formaldehyde agarose gel and transferred to Hybond-N +membranes that were then cross-linked and dried as previously described ([@bib63]). The 500 bp probes that were partially complementary to RDV-encoded *S2*, *S8*, and *S11* were labeled with α-^32^P-dCTP. The sequence of the probes and the primers are listed in [Supplementary file 5D](#supp5){ref-type="supplementary-material"}. For RT-PCR, total RNA (2 μg) was reverse transcribed into cDNA by SuperScript III Reverse Transcriptase (Invitrogen). qRT-PCR amplification was performed in 20 μL reactions containing 4 μL of 20-fold diluted cDNA, 0.5 μM of each primer, and 10 μL of SYBR Green PCR Master Mix (Toyobo). The expression was normalized to that of *EF-1α*. Primer sequences in this assay are listed in [Supplementary file 5D](#supp5){ref-type="supplementary-material"}.

RNA-seq analysis {#s4-12}
----------------

Total RNAs were extracted from RDV-infected rice plants (4 wpi, 42-d-old seedlings) and transgenic rice lines (42-d-old seedlings) using the RNeasy plant mini kit (Qiagen). The RNA-seq analyses were performed at Bionova Company. Libraries were constructed through adaptor ligation and were subjected to pair-ended sequencing with a 150-necleotide reading length. FastQC software was used to access the quality of raw sequencing reads. After removing adaptor and low-quality reads, clean reads were mapped to rice genome MSU7.0 using TopHat. Responsive genes were identified by reads per kilobase per million reads (RPKM) and edgeR software was used to identify differential expressed genes. The multiple-testing adjusted P-value (FDR \< 0.05) and fold change (FC \>2) was used to determine whether the gene was significantly differentially expressed or not. Three biological replicates were used, and their repeatability and correlation were evaluated by the Pearson's Correlation Coefficient ([@bib53]). The outputs of RNA-seq analysis used in this study (series number GSE102366) are available at NCBI-GEO.

MST assays {#s4-13}
----------

The MST assay was performed as previously described ([@bib27]). OsSAMS1 protein was labeled with the red fluorescent dye NHS according to the Monolith NT Protein Labeling Kit RED-NHS instructions (NanoTemper Technologies GmbH; München, Germany). The concentration of NHS-labeled OsSAMS1 was held constant at 1.25 μM, whereas the concentrations of L-Met and ATP were gradient-diluted (L-Met: 200,000 nM, 100,000 nM, 50,000 nM, until it reached 97.7 nM; ATP: 50,000 nM, 25,000 nM, 12,500 nM, until it reached 24.4 nM). After a short incubation, the samples were loaded into MST standard treated glass capillaries. Measurements were performed at 25°C in buffer containing 20 mM Tris pH 8.0 and 150 mM NaCl using 40% LED power and 20% MST power. The assays were repeated three times for each affinity measurement. Data analyses were performed using the Nanotemper Analysis and OriginPro 8.0 software provided by the manufacturer. In affinity affecting assays, 2.5 μM of MBP-Pns11 or MBP was added to 1.25 μM NHS-labeled OsSAMS1 and gradient-diluted concentrations of L-Met or ATP. After a short incubation, the samples were loaded into MST standard treated glass capillaries for MST analysis as described above.
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Major datasets {#s7}
--------------

The following dataset was generated:

Zhao SHong WWu JWang YJi SZhu SWei CZhang JLi Y2017A viral protein promotes host SAMS1 activity and ethylene production for the benefit of virus infection<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102366>Publicly available at the NCBI Gene Expression Omnibus (accession no. GSE102366)

The following previously published dataset was used:

Shimizu TSasaya TKondoh HSatoh HKimura SOmura TKikuchi S2011Transcriptome analysis of rice infected with three RDV strains<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24937>Publicly available at the NCBI Gene Expression Omnibus (accession no. GSE24937)
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"A viral protein promotes host SAMS1 activity and ethylene production for the benefit of virus infection\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Detlef Weigel as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In this work, the authors studied the pathogenesis of rice dwarf virus (RDV), which infects the major crop rice through the green rice leafhopper and causes significant economic losses every year. The authors focused on the functional characterization of the RDV non-structural protein Pns11, a protein that is found in the viroplasm, and has previously been reported to bind to nucleic acids in a Zn-dependent and sequence-unspecific manner. Pns11 has been implicated in the RDV virulence.

To study the function of Pns11, the authors generated transgenic rice plants that express Pns11 and performed RDV infection assays to assess the role of Pns11 in pathogenesis. For this, the authors used the green leafhopper inoculation system, which reproduces the natural infection conditions. Their analysis lead them to propose that ethylene functions as a susceptibility factor for RDV pathogenesis in rice. They identified OsSAMS1 as a Pns11-interacting protein, which could mean that the ethylene pathway is involved (something that is supported by the use of an ethylene inhibitor and an EIN2 overexpressor).

Essential Revisions:

The reviewers were concerned that the authors did not consider alternative explanations for their data. For example, the SAM cycle affects multiple pathways; the ethylene pathway may not be specifically involved here or there may be an effect of the synthesis of polyamines (in addition to the effect on ethylene). It's important not to overinterpret or bias the explanations of the data. A number of questions arose that require experiments to answer.

1\) What is the mechanism of a potential effect on ethylene production?

Virus infection appears to result in the increase in SAM, ACC, and ethylene ([Figure 6B](#fig6){ref-type="fig"}). However, whether this is due to the interaction of PNS11 with the SAM synthase OsSAMS1 has not been addressed.

To show the causal relationship the authors should use their Ossams1 KO lines ([Figure 4](#fig4){ref-type="fig"}), and show that there is no longer an effect on the ethylene pathway when infection occurs.

2\) Is there an interaction between Pns11 and osSAMS1 during RDV infection? This needs to be addressed using a time course. The necessary antibody reagents seem to be available for performing these experiments.

3\) Are there gene expression changes that reflect activation of the ethylene pathway? This could be addressed using RNA-seq data from osSAMS1 and Pns11 transgenic plants. Changes in gene expression in the ethylene pathway may show a similar pattern as that seen during the virus infection. If not, the model should be revised.

4\) The authors repeatedly cite Satoh et al., (2011) as showing that ethylene related genes are induced following RDV infection (Introduction, Abstract). But that cited paper actually says the opposite: \"However, the genes for ET and SA synthesis were not strongly activated by RDV infection.\" The authors finding that SAMS1 is regulated post-transcriptionally is consistent with the lack of transcriptional changes noted by Satoh et al.,. The rationale for stating that Satoh et al., demonstrate the induction of ethylene related genes needs to be justified (GO analysis of microarray data?) or else interpretation of these earlier results revised and discussed accordingly.

5\) The authors cannot state that virus accumulation \'significantly\' increased (subsection "RDV infection") as they do not provide statistics. Also, they cannot state \"the infection rates were much higher in the S11 OX lines compared to Wt ([Figure 1D](#fig1){ref-type="fig"})\" as the difference is actually rather small, and line OX\#3 is the same as Wt.

6\) [Supplementary file 2A](#supp2){ref-type="supplementary-material"} data suggests that the effect is observed before 2-3 wpi; but at later time points there is no difference between wild type and OX plants. Authors should comment on this; because it is not providing complete resistance to RDV, it is providing tolerance to the RDV suggesting ethylene is not the only factor required for RDV pathogenesis.

7\) Figure legends -- lack details on timing of tissue collection and days after infection, etc.

8\) Text in terms resistance should be toned down; it is really tolerance, not resistant. \"Inhibits RDV infection\" -- is misleading because it reduces infection compared to the wild type plants. subsection "Ethylene is induced by viral infection and ethylene accumulation increases host susceptibility": \"RDV infection triggers ethylene synthesis and accumulation through the interaction of Pns11 and OsSAMS1, and resultant activation of OsSAMS1\". Although there is indirect data for this conclusion in the paper, there is no direct evidence that this happens during RDV infection.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"A viral protein promotes host SAMS1 activity and ethylene production for the benefit of virus infection\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Detlef Weigel as the Senior editor, a Reviewing editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

You should revise the text (subsection "OsSAMS1 enzymatic activity"). It is misleading to indicate that proteins present in the same fraction means they are interacting. Your BiFC data and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} does show complex formation. Please be sure to carefully revise the text and be sure to note what each experiment really shows.

Reviewer \#1:

The authors have responded appropriately to the concerns raised by the reviewers in their revised manuscript, adding additional supporting data and making appropriate textual changes.

Reviewer \#2:

Authors have addressed most of the issues raised in the last reviews. However, authors fail to respond to this comment:

-- [Figure 2D](#fig2){ref-type="fig"} -- This reviewer failed to understand how the authors conclude interaction based on fractionation? This should be a simple IP experiment considering the authors have antibodies to Pns11 and OsSASM1. IP with OsSAMS1 antibody and probe for Pns11, in mock and RDV infected tissues. Alternatively, IP with Pns11 antibody and probe for OsSAMS1.

10.7554/eLife.27529.036

Author response

> 1\) What is the mechanism of a potential effect on ethylene production?
>
> Virus infection appears to result in the increase in SAM, ACC, and ethylene ([Figure 6B](#fig6){ref-type="fig"}). However, whether this is due to the interaction of PNS11 with the SAM synthase OsSAMS1 has not been addressed.
>
> To show the causal relationship the authors should use their Ossams1 KO lines ([Figure 4](#fig4){ref-type="fig"}), and show that there is no longer an effect on the ethylene pathway when infection occurs.

We thank this reviewer for the insightful comments. To address this concern, we first carried out experiments to confirm the loss of Pns11-OsSAMS1 interaction in Ossams1 KO lines, with or without RDV infection. This is done through a pull-down assay, the results of which are described in subsection "Ethylene is induced by viral infection andethylene accumulation increases host susceptibility" of the revised manuscript, and shown in Figure 6---figure supplement 2A. Specifically, mock-inoculated WT and Ossams1 KO plants, as well as RDV-infected WT and Ossams1 KO plants, were subjected to protein extraction, followed by immune pull-down with an anti-OsSAMS1 antibody. Pns11 was pulled down from RDV-infected WT extracts, but not Ossams1 KO extracts.

We then measured the SAM, ACC and ethylene levels in the same set of plants, and found that the RDV-induced increase of SAM, ACC and ethylene levels disappeared in Ossams1 KO plants (Figure 6---figure supplement 2B-D). These results are exactly as predicted by the reviewer, thus addresses his/her concern.

> 2\) Is there an interaction between Pns11 and osSAMS1 during RDV infection? This needs to be addressed using a time course. The necessary antibody reagents seem to be available for performing these experiments.

This concern is addressed in part by the pull-down assay described above. We further bolstered this conclusion by performing the time course pull-down experiments recommended by this reviewer, which showed a consistent OsSAMS1-Pns11 interaction starting three weeks post inoculation (subsection "Ethylene is induced by viral infection andethylene accumulation increases host susceptibility" in the revised manuscript and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}).

> 3\) Are there gene expression changes that reflect activation of the ethylene pathway? This could be addressed using RNA-seq data from osSAMS1 and Pns11 transgenic plants. Changes in gene expression in the ethylene pathway may show a similar pattern as that seen during the virus infection. If not, the model should be revised.

RNA-seq experiments have now been carried out and the results of which incorporated in the revised manuscript (See subsection "Ethylene is induced by viral infection andethylene accumulation increases host susceptibility" in the revised manuscript). Specifically, the gene expression profiles of RDV-infected rice, OsSAMS1 OX lines, Ossams1 KO lines and S11 OX lines were analyzed to identify differentially expressed genes in all comparable pairs (See [Supplementary file 3](#supp3){ref-type="supplementary-material"}). To determine whether the ethylene pathway was activated by RDV infection, Gene Ontology (GO) was used for analysis (See Figure 6---figure supplement 3). Known ethylene-activated pathway genes were highly enriched in both RDV-infected and OsSAMS1 OX transgenic rice, and depleted in Ossams1 KO plants. Interestingly, although genes in the hormone mediated signaling pathway category were enriched in S11 OX transgenic lines, those in the ethylene-activated pathway were not. This is consistent with the observation that Pns11 overexpression enhances OsSAMS1 activity without up-regulating its mRNA. Additionally, relative to the Pns11 expression level in RDV infection, the transgenically expressed Pns11 level in S11 OX lines was probably low and insufficient to induce significant changes in ethylene pathway genes. Nevertheless, these results indicate that the ethylene pathway genes are regulated by RDV infection, most likely through Pns11-OsSAMS1 interaction. However, additional mechanisms involving other RDV proteins cannot be ruled out at this point.

> 4\) The authors repeatedly cite Satoh et al., (2011) as showing that ethylene related genes are induced following RDV infection (Introduction, Abstract). But that cited paper actually says the opposite: \"However, the genes for ET and SA synthesis were not strongly activated by RDV infection.\" The authors finding that SAMS1 is regulated post-transcriptionally is consistent with the lack of transcriptional changes noted by Satoh et al.,. The rationale for stating that Satoh et al., demonstrate the induction of ethylene related genes needs to be justified (GO analysis of microarray data?) or else interpretation of these earlier results revised and discussed accordingly.

We are sorry for misquoting the published work by Satoh et al., (2011). We have revised the phrase "RDV infection induced expression of ethylene-related genes" into "RDV infection perturbed the expression of several ethylene response genes like ERFs (Ethylene response factors)" in the revised manuscript, please see Introduction and subsection "SAM, ACC, and ethylene contents increased in *S11*and *OsSAMS1*overexpression lines and decreased in *OsSAMS1* CRISPR/Cas9 knockout and RNAi lines"

Satoh et al., (2011) stated "\[...\] the genes for ET and SA synthesis were not strongly activated by RDV infection". We also found no strong induction of ET synthesis genes in our own RNA-seq dataset (See [Supplementary file 3](#supp3){ref-type="supplementary-material"}). Instead, OsSAMS1, the main subject of the current study, is post-transcriptionally modified by Pns11 to become enzymatically more active, leading to increased production of ethylene. However, we did detect a significant transcriptional change in a set of genes that respond to increase ethylene availability (see above).

> 5\) The authors cannot state that virus accumulation \'significantly\' increased (subsection "RDV infection") as they do not provide statistics. Also, they cannot state \"the infection rates were much higher in the S11 OX lines compared to Wt ([Figure 1D](#fig1){ref-type="fig"})\" as the difference is actually rather small, and line OX\#3 is the same as Wt.

We apologize for the misleading statements. We have corrected these in the revised manuscript. Please see subsection "Overexpression of Pns11in rice enhances susceptibility to RDV infection".

> 6\) [Supplementary file 2A](#supp2){ref-type="supplementary-material"} data suggests that the effect is observed before 2-3 wpi; but at later time points there is no difference between wild type and OX plants. Authors should comment on this; because it is not providing complete resistance to RDV, it is providing tolerance to the RDV suggesting ethylene is not the only factor required for RDV pathogenesis.

Thank you for your comments. We have addressed this issue and discussed in the revised manuscript in the Discussion section as follows:

"We didn't find a strong difference between WT and *S11* OX\#3 ([Figure 1](#fig1){ref-type="fig"}), especially in virus accumulation and infection rate. This is probably due to the relatively low expression level of Pns11 in this particular line ([Figure 1---figure supplement 1A, B](#fig1s1){ref-type="fig"}), which may be insufficient to induce a significant increase in ACC and ethylene production ([Figure 3B, C](#fig3){ref-type="fig"}). Furthermore, the hyper-susceptibility to RDV in Pns11 overexpressing plants was more prominent prior to 3 wpi ([Supplementary file 2A](#supp2){ref-type="supplementary-material"}). This is easily explained by the fact that enhanced susceptibility allowed more Pns11 transgenic plants to show more conspicuous symptoms at earlier time points. This however does not prevent WT plants from becoming symptomatic at later time points, thus catching up with the transgenic plants in the rate of infected plants."

> 7\) Figure legends -- lack details on timing of tissue collection and days after infection, etc.

Thank you for your comments. We have added details like timing of tissue collection and days after infection etc. in the figure legends.

> 8\) Text in terms resistance should be toned down; it is really tolerance, not resistant. \"Inhibits RDV infection\" -- is misleading because it reduces infection compared to the wild type plants. subsection "Ethylene is induced by viral infection and ethylene accumulation increases host susceptibility": \"RDV infection triggers ethylene synthesis and accumulation through the interaction of Pns11 and OsSAMS1, and resultant activation of OsSAMS1\". Although there is indirect data for this conclusion in the paper, there is no direct evidence that this happens during RDV infection.

Thank you for your comments. We have replaced "resistance" with "tolerance"; "inhibits RDV infection" with "reduces infection".

We have performed a new assay (See subsection "Ethylene is induced by viral infection andethylene accumulation increases host susceptibility" in the revised manuscript) to confirm that Pns11 interacted with OsSAMS1 during RDV infection (See [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}) but not in RDV-infected Ossams1 KO lines (See Figure 6---figure supplement 2A). We also measured the contents of SAM, ACC and ethylene in RDV-infected Ossams1 KO lines and mock infected Ossams1 KO lines, and found that the RDV-induced increase SAM, ACC and ethylene disappeared in these lines (See Figure 6---figure supplement 2B-D). These data indicated that RDV infection triggers ethylene synthesis and accumulation through the interaction of Pns11 and OsSAMS1 and resultant activation of OsSAMS1.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> You should revise the text (subsection "OsSAMS1 enzymatic activity"). It is misleading to indicate that proteins present in the same fraction means they are interacting. Your BiFC data and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} does show complex formation. Please be sure to carefully revise the text and be sure to note what each experiment really shows.

We apologize for the misleading statements describing the gel-filtration result and have replaced the gel-filtration experiment with IP western experiment (See [Figure 2D](#fig2){ref-type="fig"} and subsection "OsSAMS1 enzymatic activity "in the revised manuscript). For the BiFC data, we have conducted all the positive and negative controls to confirm the interaction between Pns11 and OsSAMS1. For the in vivo time course pull-down assay ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}), we have chosen one time point experiment (4wpi) to show the interaction between Pns11 and OsSAMS1 during RDV infection (See [Figure 2D](#fig2){ref-type="fig"}).

> Reviewer \#2:
>
> Authors have addressed most of the issues raised in the last reviews. However, authors fail to respond to this comment:
>
> -- [Figure 2D](#fig2){ref-type="fig"} -- This reviewer fail to understand how the authors conclude interaction based on fractionation? This should be a simple IP experiment considering the authors have antibodies to Pns11 and OsSASM1. IP with OsSAMS1 antibody and probe for Pns11, in mock and RDV infected tissues. Alternatively, IP with Pns11 antibody and probe for OsSAMS1.

Thank you for your comments. We indeed have data showing the interaction between Pns11 and OsSAMS1 in RDV-infected rice by in vivo time course pull-down assay using OsSAMS1 antibody. We apologize for the misleading statements and have replaced the gel-filtration experiment with one time point IP western experiment (See [Figure 2D](#fig2){ref-type="fig"}and subsection "OsSAMS1 enzymatic activity "in the revised manuscript) as described above.

[^1]: These authors contributed equally to this work.
